Abstract Eelgrass depth limits and water clarity in the Skive Fjord estuarine system have not improved despite nutrient input reductions of 30%. Long-term monitoring data were used to investigate the underlying causes. Dissolved inorganic and organic nitrogen concentrations decreased significantly over time, whereas particulate organic nitrogen concentration, assumed to consist primarily of phytoplankton and phytoplankton detritus and calculated as a proportional factor to chlorophyll a, did not change. Total organic carbon, mostly of autochthonous origin, remained constant despite reduced nitrogen concentrations, resulting in an increasing C:N ratio of the organic material in the water column. Phytoplankton primary production also remained constant suggesting that phytoplankton growth was only limited by nitrogen to a minor degree. Alleviated grazing pressure caused by a reduction in the blue mussel standing stock and a pelagic food web dominated by jellyfish may have contributed to the constantly high phytoplankton levels. Particulate inorganic matter, likely reflecting sediment resuspension, increased over time, most probably in response to removal of blue mussels and declining eelgrass cover. The Skive Fjord estuarine system is affected by multiple pressures-nutrient enrichment, mussel dredging and climate change that must be addressed together for water clarity to improve and eelgrass to recover.
Introduction
Seagrass meadows are productive coastal ecosystems that constitute important habitats for fish, birds and invertebrates (Hemminga & Duarte, 2000) . Seagrasses provide physical structure on otherwise largely bare sediments, enhancing habitat-and biodiversity, biomass, and primary and secondary production (Duffy, 2006) . Seagrasses also increase water clarity by enhancing the sedimentation of particles and stabilising the sediments, which along with burial of refractory seagrass material contribute to carbon sequestration (Terrados & Duarte, 2000; Gacia et al., 2002; Carr et al., 2010; Fourqurean et al., 2012) . Seagrass meadows thereby provide valuable ecosystem services to the benefit of humans as well (Duffy, 2006) . However, large-scale losses of seagrasses have occurred worldwide over the last century, mainly due to eutrophication enhancing phytoplankton production leading to out shading of the seagrass community at deeper depths leading to a structural shift in dominance from benthic to pelagic plants (Short & WyllieEcheverria, 1996; Duarte, 2002; Green & Short, 2003; Orth et al., 2006a; Waycott et al., 2009; Krause-Jensen et al., 2012) . Additional eutrophication effects such as increased risk of water column anoxia and organic over-enrichment of sediments can further hamper the occurrence of eelgrass (Pulido & Borum, 2010; Krause-Jensen et al., 2011) . Global warming may accentuate these effects and may also increase respiration rates and, thus, light demands of seagrasses (Staehr & Borum, 2011) . At shallow depths with suitable substrate, the governing factors for the eelgrass distribution are the physical exposure from waves and currents (Fonseca et al., 2002; KrauseJensen et al., 2003) . All these factors lead to habitat compression that potentially erodes the resilience of seagrass meadows in shallow and turbid coastal ecosystems to absorb natural perturbations.
Eelgrass (Zostera marina) is the most common seagrass species in northern and western Europe with widespread distributions along the Atlantic coast from Spain to northern Norway, and reaching far into the brackish Baltic Sea (Green & Short, 2003) . It often constitutes a monoculture in sandy coastal ecosystems, probably making seagrass habitats more vulnerable to perturbations such as herbivory and disease (Orth et al., 2006a) . Whereas physical exposure, sediment characteristics, and to some extent also herbivory, are important factors for the overall distribution of eelgrass, the depth limit is considered a sentinel to eutrophication since light limitation is the major factor controlling the depth limit (Duarte, 1991 , but see also Balsby et al., 2012) . The depth limit represents a balance between primary production and loss processes, and eelgrass depth limits provide a proxy integral of the changing light condition, provided that loss processes for the deepest growing plants are constant. Therefore, the depth limit of seagrasses is also a key indicator under the European Water Framework Directive (WFD) for the biological quality element 0 Macroalgae and angiosperms 0 . Many studies have documented the decline of eelgrass and seagrasses in general (e.g. Orth et al., 2006a; Waycott et al., 2009 ), but there are few studies about their recovery. Orth et al. (2006b) reported the relatively rapid spread of eelgrass over two decades in coastal lagoons on the American East Coast, following the nearly complete disappearance after the wasting disease and a destructive hurricane. In some of the coastal lagoons, the recovery process was enhanced by restoration efforts. In Mumford Cove, an embayment on the Long Island Sound that previously received large nutrient inputs from point sources, eelgrass fully recovered 15 years after the wastewater treatment was improved (Vaudrey et al., 2010) and in Tampa Bay, Florida, seagrasses have also expanded upon nutrient load reductions (Greening & Janicki, 2006; Greening et al., 2011) . Thus, there is evidence to support the hypothesis that reducing nutrient inputs will gradually lead to the recovery of eelgrass.
In Denmark, nutrient inputs and concentrations have declined significantly since 1990 (Carstensen et al., 2006) following several action plans targeting both diffuse and point sources. It was therefore anticipated that eelgrass meadows, which had been decimated during the twentieth century (Boström et al., 2003; Krause-Jensen et al., 2012) would recover in response to lower nutrient levels, in particular nitrogen levels, since nitrogen is the main limiting nutrient of phytoplankton growth throughout most of the eelgrass growing season although phosphorous is also important as limiting nutrient from March to June in Limfjorden (Conley et al., 2000; Markager et al., 2006) . This expectation was based on a study by Nielsen et al. (2002) , who documented a significant correlation between concentrations of total nitrogen (TN) and eelgrass depth limit, based on a spatially and temporally distributed data set covering 27 estuaries and 7 years (1985) (1986) (1987) (1988) (1989) (1990) (1991) . Although this data did not really cover a period with decreasing nutrient concentrations, it was believed that the relationship could be used for predicting the response of eelgrass depth limit to changing TN concentrations, assuming that space could substitute for time. Historical records of eelgrass depth limit from ca 1900 have shown that eelgrass could be found at 6-8 m depth in Danish estuaries and at 10-12 m depth in coastal areas, with a spatial distribution about four times larger than at present (Boström et al., 2003) . Nitrogen inputs from land were also much lower around 1900, increasing by factor of 6-7 up to the 1980s before the action plans lowered nitrogen inputs to a level about three times above that a century ago (Conley et al., 2007) . For implementation of the WFD, targets have been defined as 74% of the depth limit around 1900 and the relationship of Nielsen et al. (2002) has been used to link these to a target for TN concentrations. However, to the surprise of environmental managers and scientists eelgrass has not, in general, expanded to deeper waters in Denmark, despite substantially reduced TN levels (*45%) in estuaries and coastal areas (Hansen & Petersen, 2011) .
The objective of the present study was to investigate this apparent discrepancy between decreasing TN concentrations and unaltered eelgrass depth limits, rendering the use of a simple empirical relationship between these variables inapplicable in practice for nutrient management. We partitioned the nitrogen pool into different fractions (dissolved inorganic, dissolved organic and particulate organic) and examined their trends over time and estimated their contribution to light attenuation together with other attenuating substances. Finally, we discuss potential feedback mechanisms between eelgrass and resuspension/sedimentation.
Materials and methods

Study site and data
Limfjorden is a large estuarine complex in northwestern Denmark, consisting of several connected shallow basins and a total surface area of 1500 km 2 ( Fig. 1) . In this study, we focus on three of these basins in the southern inner most eutrophic part of Limfjorden that have been intensively monitored for more than two decades: (1) Risgårde Bredning, (2) Skive Fjord, and (3) Lovns Bredning (in Danish: Fjord and Bredning are equivalent to Estuary and Broad). These basins are referred to as the Skive Fjord estuarine system and constitute the most eutrophic part of Limfjorden. The Skive Fjord estuarine system has an average depth of about 5 m with little tidal mixing (tidal amplitude = 0.15 m). Mean salinities range from 21 in Lovns Bredning to 25 in Risgårde Bredning. Due to the shallowness and the windexposed character of the inlet, the water column is only stratified about 40% of the time . Phytoplankton primary production is limited by phosphorous from March to June and then by nitrogen (Conley et al., 2000; Markager et al., 2006) . However, in this study we will consider the derived effects on eelgrass from nitrogen inputs only.
The marine area of the Skive Fjord complex is 248 km 2 and the catchment area is 2620 km 2 , of which 67% is intensively farmed and having a high livestock density (1.38 livestock unit per hectare in 2005). Freshwater discharges and nitrogen concentrations have been measured at a number of monitoring stations in various streams, covering 73 and 67% of the catchment area and nitrogen input, respectively. Freshwater discharges were monitored continuously using a calibrated flow versus water level relationships and samples for nutrients were normally collected every 2 weeks. Nutrient inputs were calculated using linear interpolation of nutrient concentrations and multiplying these with the discharge (Kronvang & Fig. 1 Map of the study area with the location of the 13 water quality stations and 10 eelgrass transects. The three studied inter-connected basins are Risgårde Bredning (outer basin to the north), Skive Fjord (inner basin to the southwest), and Lovns Bredning (inner basin to the east). Hjarbaek Fjord (to the southeast) is a dammed brackish reservoir that is not regularly monitored and therefore not included in this study Hydrobiologia (2013 ) 704:293-309 295 Bruhn, 1996 . Nutrient inputs from point sources were calculated in a similar manner from measured freshwater discharges and nitrogen concentrations, whereas nutrient inputs from the ungauged catchment were modelled according to Windolf et al. (2011) . Finally, atmospheric depositions of nitrogen were measured at several monitoring stations in Denmark and the average annual deposition at the two nearest stations (Ulborg and Tange) was scaled up with the area of the study site and adjusted for lower depositions on a water surface. Consistent nutrient input data were available from 1990 to 2010, whereas estimates using a different method were available for specific years in the 1980s. Eelgrass monitoring began in 1989 and 10 transects ( Fig. 1) have been monitored during the study period , following the standard procedures laid out in the guidelines for the Danish National Aquatic Monitoring and Assessment Program (DNAMAP). A diver swims along a line transect from the coast towards deeper waters assessing eelgrass cover until the maximum depth limit, i.e. the deepest occurring shoot is reached. The diver then swims perpendicular to the transect line and records a total of 5-7 observations of the maximum depth limit. The number of transects monitored every year in each of the basins varied from 1 to 6 with most observations from the Skive Fjord basin (Table 1) .
Water quality has been sampled at 13 stations, mostly in the deeper parts of the basins (Fig. 1 ). Water quality monitoring began in 1980 but we only used data from the period corresponding to the eelgrass monitoring data . Skive Fjord has been monitored for the entire study period, whereas standard water quality monitoring ceased in Lovns Bredning in 2006 and in Risgårde Bredning in March 2008 (Table 1) . In each basin, one station has been monitored all years during the period, but in general data were heterogeneously distributed over months and across stations. Nutrients, DIN calculated as the sum of measured ammonium, nitrite and nitrate and TN, were measured by standard chemical techniques (Grasshoff, 1976) . Chlorophyll a (Chla) was extracted in 90% acetone and measured by trichromatic spectrophotometry (Strickland & Parsons, 1972) , total suspended solids (TSS) and loss on ignition of total suspended solids (OrgSS) were measured after filtering the particles of a water sample onto a Whatman GF/C filter, and TOC and POC were measured using infrared spectrophotometry (ISO-CEN EN 1484) on acid-treated samples (filtered for POC). Samples from the top 5 m (either 1 or 2 samples representing the water column above the eelgrass) were averaged before the statistical analyses. Primary production was measured using standard 14 C techniques for surface water samples incubated in the dark and at various irradiance levels (Steemann Nielsen, 1952; Markager et al., 1999) . The light attenuation coefficient (K d ) was calculated from irradiance profiles (recorded every 0.2 m) measured with a spherical PAR sensor from 1989-2008, 2010 (24) 1989-2008, 2010 (58) 1996-2008, 2010 (29) Secchi depth 1989-2010 (3432) 1989-2010 (1687) 1989-2010 Table 2 ). The marine monitoring data can be downloaded from http://mads.dmu.dk.
Statistical analyses
The concentration of organic nitrogen (ON) was calculated as ON = TN -DIN, but to partition this pool further into a dissolved and particulate fraction, which were not measured directly, it was assumed that most of the particulate fraction would be constituted by phytoplankton and phytoplankton detritus. The particulate organic nitrogen (PON) was therefore approximated by scaling the Chla concentration with factor 0.43, determined as the average ratio between measurements of POC and Chla (weight ratio of 34.3), divided by the molar weight of C (12) and the Redfield ratio (C:N = 106:16). The dissolved organic nitrogen (DON) was consequently found as DON = ON -PON. The inorganic fraction of the total suspended solids (InorgSS) were found as InorgSS = TSSOrgSS. For each basin separately, yearly means (1989-2010) of eelgrass depth limits, nitrogen (DIN, DON, PON and TN) and suspended solids (TSS, OrgSS and InorgSS) concentrations from March through September were computed through use of a general linear model (GLM) that described variations between transects/stations, years, and months after log-transformation of the observations (see Carstensen & Henriksen, 2009 for details). The specific months (Mar-Sep) were chosen as the period where sufficient light for eelgrass growth can be expected. Nitrogen and suspended solid concentrations were log-transformed before applying the model. The GLM resolved the spatial and temporal heterogeneity of monitoring data to produce yearly estimates (computed as marginal means), unbiased by differences in the months and stations sampled across years (Searle et al., 1980) . The yearly means for nitrogen and suspended solid fractions were back-transformed to their original scale using the exponential function, thus providing estimates of the geometric means (i.e. the medians). Due to the shallowness of the different basins the Secchi disc occasionally reached the bottom (about 0.5, 13 and 5% of the observations in Risgårde Bredning, Skive Fjord and Lovns Bredning, respectively), and therefore the statistical method in Carstensen (2010) was used to analyse these censored observations and derive yearly means of Secchi depth (Mar-Sep) unbiased by the censoring. Trends in the yearly means were tested using linear regression.
The chain of cause-effect relationships from nutrient inputs to eelgrass depth limit was broken down into three separate hypotheses: (1) nutrient concentrations in the estuarine system were mainly controlled by nutrient inputs, (2) Secchi depth and light attenuation were mainly governed by the nitrogen and TSS fractions in the water, and (3) eelgrass depth limit was mainly controlled by light. These hypotheses were investigated separately using the raw observations (hypothesis 2) or annual means (hypotheses 1 and 3). for March to September of nitrogen and suspended solids fractions as well as Secchi depth and eelgrass depth limit (cf. Fig. 3 ) and their significance (P value in parentheses) are listed for each trend analysis, and significant trends (P \ 0.05) are highlighted in bold First, annual means of DIN, DON, PON and TN (Mar-Sep) were related to nitrogen inputs (Jan-Sep) by a regression model with both common and basinspecific intercepts and slopes:
where l is the common intercept, a i are basin-specific differences from the common intercept, b is the common slope, and c i are basin-specific differences from the common slopes. Non-significant terms in the full model (Eq. 1) were removed and the model reestimated, until all terms were significant (P \ 0.05). Second, light is generally assumed to decrease exponentially with depth and the exponential factor in this relationships (K d = diffuse light attenuation coefficient) is controlled by light absorbing and scattering substances in the water. Water and dissolved organic matter (*DON) absorb light, whereas particulate matter (*PON and InorgSS) both scatter and absorb light. An empirical model was employed to estimate the relative importance of these substances for the diffuse light attenuation coefficient:
where K b is the background absorption by water itself and other substances not included with the other terms, and K DON , K PON , and K InorgSS are coefficients for the absorption and scattering of light by DON, PON and InorgSS, respectively. The inorganic fraction of TSS was used in the equation while the organic fraction (OrgSS) was already implicit included in the PON concentration. This partitioning of attenuating substances is similar to that of Olesen (1996) and Gallegos (2001) . The parameters of Eq. 2 were estimated by linear regression with both common and basin-specific parameters for K DON , K PON , and K InorgSS . Yearly means of DON, PON and InorgSS were subsequently inserted into Eq. 2 to calculate changes over time in their relative contribution to the light attenuation. The diffuse light attenuation coefficient was related to Secchi depth (Z SD ) according to the law of Lambert-Beer and Preisendorfer (1986) :
where I SD is the irradiance at the Secchi depth, I 0 is the surface irradiance and a is the beam attenuation. The beam attenuation coefficient was estimated as a parameter scaled with a harmonic function for the daily max solar angle. Parameters in Eq. 3 were estimated by non-linear regression. Third, eelgrass depth limit was assumed to be controlled mainly by light and proportional to Secchi depth (Krause-Jensen et al., 2011) . Yearly means of eelgrass depth limit (DL eelgrass ) were therefore related to yearly means of Secchi depth, ideally yielding a common straight proportional relationship. However, Secchi depths were generally measured at stations with deeper water (5-10 m) than the areas with eelgrass (\2.5 m, Fig. 3h ) that may not adequately represent light conditions at the eelgrass transects. Secchi depths measured at water quality stations and the presumed light conditions at the eelgrass transects were assumed to deviate by a constant, but basinspecific, difference and consequently, a linear regression with basin-specific intercepts (a i ) was analysed:
where b is the common slope. All statistics were carried out in SAS version 9.2 using PROC GLM and PROC MODEL.
Results
The annual freshwater discharge (Q) to the Skive Fjord estuarine system varied between 0.62 and 1.02 km 3 with an average of 0.84 km 3 (Fig. 2) . Variations in the freshwater discharge were also clearly visible in the nitrogen loading from diffuse sources that co-varied significantly with Q (r = 0.87; P \ 0.0001), although flow-weighted TN concentrations for the diffuse source decreased by almost 30% over the study period from about 360 to 260 lmol l -1 . Over the same period atmospheric nitrogen deposition and nitrogen input from point sources decreased by approximately 40 and 60%, respectively. However, nutrient inputs to the estuarine system were dominated by diffuse sources (88%) and with relatively minor contributions from atmosphere and point sources (both around 6%).
All nitrogen fractions declined over time ( Fig. 3 ; Table 2 ). DIN concentrations decreased about 0.5 lmol l -1 year -1 in all three basins, although the decrease was not significant in Lovns Bredning due to elevated levels in 1994 and 1995 (Fig. 3a) , both years with high Q and nitrogen input. Declines in DON concentrations were even larger (*1.5 lmol l -1 year -1 ) and significant. However, the estimated PON concentration, which was scaled from measured Chla, remained stable. Thus, the large decreases in TN (Fig. 3d) were mainly caused by lower DIN and DON levels.
TSS generally remained unaltered over the study period (Table 2) although lower concentrations were observed in the second half of the 1990s, but the constant TSS level over time was the combination of decreasing OrgSS (about -0.05 mg l -1 year -1 ) and increasing InorgSS (about 0.15 mg l -1 year -1 ) ( Fig. 3e, f ; Table 2 ). Most pronounced was the doubling in InorgSS after 2001 (Fig. 3f) . Secchi depth and eelgrass depth limit did not change over the study period in the more nutrient-rich Skive Fjord and Lovns Bredning, whereas both of them decreased significantly in Risgårde Bredning (Table 2) such that all basins now have similar levels of about 3 m for Secchi depth and 1.5 m for eelgrass depth limit (Fig. 3g, h ). Depth limits in Lovns Bredning did, however, show an immediate positive response to the marked increase in water clarity in 1998 (Fig. 3g, h ), although a similar response was not seen in neither Skive Fjord nor Risgårde Bredning.
For all four nitrogen fractions, Eq. 1 was reduced to basin-specific proportional responses (i.e. all intercepts were not significantly different from zero but slopes were significant and basin-specific) with the steepest slope for Lovns Bredning, followed by Skive Fjord and Risgårde Bredning (Fig. 4) . Both nitrogen inputs and concentrations varied by a factor of 2 over the study period. However, in absolute numbers the largest change was observed for DON (10-13 lmol l -1 per 1000 tons) and then DIN (2-6 lmol l -1 per 1000 tons), whereas the smallest change was observed for PON (1-2 lmol l -1 per 1000 tons). Thus, all nitrogen fractions decreased significantly with nitrogen reductions.
All four parameters in the empirical model for light attenuation (Eq. 2) were significantly different from zero, both as common and basin-specific parameters ( Table 3 ), demonstrating that light attenuation increased, as expected, with increasing concentrations of DON, PON and InorgSS (Fig. 5) . The model with common parameters for all basins explained 50% (R 2 = 0.50) of the variation. The variation described by basin-specific parameters was only marginally larger (R 2 = 0.54) and none of the four parameters differed significantly among basins or from the estimates with a common model. Only the background attenuation (K b ) tended to differ with a lower value in Risgårde Bredning compared to Skive Fjord and Lovns Bredning. This indicated that the optical properties of DON, PON and InorgSS were indeed similar across the three basins as expected if the sources were the same. There was a large unexplained variation in K d (±0.21 m -1 ; Fig. 5a-c) and the values of K b of 0.25 (Table 3) were about ten times higher than K d for pure water (Smith & Baker, 1978 , 1981 . Within the ranges of the observations, PON and DON had similar effects on K d , whereas the effect of InorgSS was considerably lower (Fig. 5a-c) .
Variations in Secchi depth were well described by Eq. 3 (R 2 = 0.79; Fig. 5d ), suggesting that Secchi depth represents on average 12.9% of the surface light (I SD /I 0 ). Beam attenuation (a) varied from 0.036 m -1 during spring and autumn to 0.109 m -1 during summer, indicating a higher scattering of light during summer where phytoplankton and hence particle concentrations were high. The decreasing DON levels (Fig. 3) resulted in a lower relative contribution to the attenuation of light over time (Fig. 6) according to the empirical relation in Eq. 2. In the beginning of the study period 40-50% of the diffuse light attenuation could be attributed to DON levels and this relative proportion decreased to 20-30% in the most recent years, with the highest overall contribution in Lovns Bredning. PON levels did not change significantly over time and the relative contribution of PON to the diffuse light attenuation was about 20% throughout the study period. Finally, the relative contribution of InorgSS to light attenuation increased from about 5 to 10-20% in response to the increasing trends and was generally highest in Skive Fjord (Fig. 3) . The relative background contribution, including water, other attenuating substances and interactions between absorption and scattering that were not accounted for in the DON, PON or InorgSS pools, varied between 30 and 50% for the different basins. The expected Secchi depth predicted from yearly means of DON, PON and InorgSS ( Fig. 6 ) all had significantly increasing trends (P \ 0.01), in contrast to the observed yearly means (Table 2 ). This suggests that other attenuating substances and probably in particular scattering may have increased over time.
Despite the large scatter, yearly means of eelgrass depth limits were significantly related to Secchi depths (P = 0.0002 for the common slope in Fig. 7 ) and there were significant differences between basin-specific intercepts (F 2,52 = 10.47; P = 0.0002) with the depth limit at a given Secchi depth generally being deepest in Risgårde Bredning and shallowest in Skive Fjord. The slope from the regression suggested that eelgrass should grow to approximately 80% of the Secchi depth. The relationship between eelgrass depth limit and Secchi depth is also consistent with the declining trends for both variables in Risgårde Bredning (Fig. 3g, h ). Such corresponding trends were also apparent for Lovns Bredning (Fig. 3g, h ), whereas interannual variations for eelgrass depth limits in Skive Fjord had smaller ranges and was less tightly coupled to Secchi depth (Fig. 7) .
Discussion
Our results confirm that light is the main governing factor for eelgrass depth limit, but light conditions are not necessarily related to nutrient concentrations in a simple manner. Reduced nitrogen inputs over the last two decades from land and atmosphere has resulted in declines for TN levels across many Danish coastal systems (Carstensen et al., 2006; Carstensen & Henriksen, 2009 ) as well as across the different nitrogen fractions (this study). For all basins in Limfjorden both nutrient and chlorophyll concentrations have responded with decreasing trends over the period from 1985 to 2008 (Markager et al., 2006; Krause-Jensen et al., 2012) . However, light attenuation has not improved accordingly, and shows a significant decreasing trend for Limfjorden as such despite the reduction in nutrient loadings indicating that other factors than nutrient concentrations are governing light attenuation. This is also confirmed with our empirical model (Eq. 2) where DON, PON and InOrgSS were only able to explain about half of the variation in K d . The unexplained variation in K d and the fact that K b is about ten times higher than the attenuation by pure water suggest that other factors are important for light attenuation and we hypothesise that two effects are important. First, Eq. 2 is only an empirical model for light attenuation where the effects are assumed to be additive. In reality, particles, both organic as represented by PON and InOrgSS, will cause an increase in the scattering of light which in turn will enhance the effective light absorption due to a longer effective pathway for the photons (Kirk, 1994 ). An improved description of the light attenuation could potentially improve the explanatory power of the model. Second, DON and PON may not fully account for the light absorbing fractions of dissolved and particulate organic matter in the water column. If the C:N ratio of the organic pools has increased over time then the attenuation of organic matter would be larger than predicted by DON and PON concentrations.
Although there were fewer TOC observations over time and monitoring stopped in 2003, TOC trends support that there is not a strong link between organic carbon and ON (Fig. 8) . Despite large decreases in ON (Fig. 3b, c) the amount of TOC has remained relatively constant over the study period (Fig. 8a) , and this has consequently led to changes in the C:N ratio of the organic material from around the Redfield ratio (C:N = 6.6) in the early 1990s to about 10 in the early 2000s (Fig. 8b) . The unaltered TOC concentrations could explain the similarly unaltered Secchi depths, highlighting that the link between TN and Secchi depth is weak.
Why has organic matter not decreased? Eutrophication has been defined as an increase in the rate of supply of organic matter to an ecosystem (Nixon, 1995) , and increasing nutrient inputs have been attributed as the major cause by enhancing the autochthonous production of organic material. Oligotrophication, the reverse of eutrophication implying a reduction in the supply of organic matter (Nixon, 2009 ), has apparently not yet taken place in the Skive Fjord estuarine system despite large reductions in nutrient inputs. In addition to exchanges across the Fig. 6 The relative contribution of water, DON, PON and InorgSS to the diffuse attenuation of light (Mar-Sep) over time in the three basins calculated from the trends of the different substances (Fig. 3) and the parameter estimates from Eq. 2 (Table 3) . Secchi depth is modelled from trends of DON, PON and InorgSS using Eqs. 2 and 3 open boundary, organic matter in the water column originates from freshwater discharge, production by photosynthesis, as well as reintroduction from sediments e.g. enhanced by resuspension, whereas it is lost by respiration, benthic grazing, sedimentation and export. Salinities have decreased by approximately 1.5 over the study period in all three basins (data not shown), indicating a potential larger influence of organic matter from terrestrial sources and less dilution by exchange. Organic matter in freshwater is mostly dissolved (DOC:TOC = 0.66; B. Kronvang, personal communication) with DOC concentrations around 500-600 lmol l -1 (Markager et al., 2011 from a similar estuary). Thus, with a presumed freshwater TOC concentration of 800 lmol l -1 , the lower salinity during the most recent years would correspond to an increase in TOC of *25 lmol l -1 from a linear mixing relationship of freshwater with a marine water mass having 400 lmol l -1 TOC (Fig. 8 ) and a salinity of 24. On the other hand, nitrogen concentrations (mostly nitrate) in the freshwater discharge to the Skive Fjord estuarine system is high (*300 lmol l -1 ; cf. Fig. 2 ), which on a stoichiometric basis using Redfield ratios converts to almost 2000 lmol C l -1 , a concentration 3-4 times higher than measured DOC concentrations in the freshwater discharge, and presumably 2-2.5 times higher than TOC. This is in accordance with Markager et al. (2011) estimating that 30% of DOC was allochthonous and 70% derived from marine production. Assuming proportionality through mixing between TOC input from freshwater and TOC derived from freshwater nitrogen, the reduced nitrogen input over the study period should lead to a reduced TOC concentration by 20% (equivalent to 80 lmol C l -1 ) in the estuarine system. However, primary production by phytoplankton remained high throughout the study period (Fig. 8c) despite a presumably lower availability of nutrients. DIN concentrations were generally above levels considered to limit phytoplankton growth (*2 lmol l -1 ) from March to May, but suggested potential nitrogen limitation from June to September. Spring primary production was limited by phosphorus (Markager et al., 2006) , although phosphate concentrations (not shown) were also generally higher than those considered to limit phytoplankton growth (*0.2 lmol l -1 ). However, it is possible that phytoplankton growth was essentially not nutrient limited during the productive season due to high nutrient turnover and therefore, reduced nitrogen levels may only have had a minor effect on phytoplankton production. This is supported by the observation that phytoplankton primary production has decreased in all other basins in Limfjorden by about 30% from the 1980s . In these basins nutrients loadings and concentrations are lower and are now reduced to levels there are limiting for phytoplankton growth. The shallow Skive Fjord estuarine system has extensive areas covered with blue mussels having the capacity to clear the water column several times per day during mixed conditions (Møhlenberg, 1995; Riisgaard et al., 2004) . Intensive mussel dredging is taking place in the study area removing about 20% of the standing stock every year (Dolmer et al., 1999) , but mussel landings in the Limfjorden area have declined to less than half in the last decade after peaking in the mid 1990s (Ministry for food and agriculture). Overfishing, oxygen depletion and reduced recruitment are believed to be the main causes for an almost 50% reduction in the blue mussel standing stock from 1993 to 2004 (Kristensen & Hoffmann, 2004) . Moreover, the pelagic food web has become dominated by jellyfish which are important predators on the zooplankton (Riisgaard et al., 2012) . Thus, the unaltered primary production could also result from alleviated grazing control.
Inorganic suspended matter has earlier been found to constitute an important part of light attenuation in Limfjorden (Olesen, 1996) . The trend of increasing InorgSS in the Skive Fjord suggests an increased sediment resuspension over time, potentially enhancing the mobilisation of organic material from the sediments to the water column. Particularly important are the dissolved forms that may remain in the water column after release from the sediments. Organic material in the sediment may have a relatively high C:N ratio, because of preferential N mineralisation (Schneider et al., 2003) . Thus, increased resuspension associated with wind mixing, enhances the release of organic particles from the sediments and enriches the water column with an increasing C:N ratio as a result (Fig. 8b) . Another consequence of this mechanism might be that the permanent burial of organic matter is reduced e.g. as a consequence of the reduced extent of seagrasses (Fourqurean et al., 2012) , such that a larger amount of organic matter remains active within the system.
Why is there an increased resuspension?
The increased resuspension could potentially be caused by a change in the wind regimes. However, this is unlikely since average wind speeds over Denmark generally have declined over the study period (Hansen & Petersen, 2011) . It is more likely that the increased resuspension is linked to reduced ability of the sediments to sustain windy conditions. The sediment composition is unlikely to have changed substantially, since TOC and PON concentrations in the water column, feeding the sediments, have been rather constant over time. Therefore, it is more likely that the sediments have become more exposed to wind-induced resuspension over time.
The removal of blue mussels from the system, by harvesting and oxygen depletion, has a double-sided effect on the resuspension. Blue mussels filter the water column for both organic and inorganic particles, the latter deposited as pseudo-faeces. A reduced standing stock of blue mussels consequently results in more turbid waters because of reduced 0 water cleaning 0 ability. In addition to harvesting mussels, dredging also removes stones, empty shells and other features that help to stabilise the sediments (Widdows et al., 2002) , reduce currents along the bottom and enhance the sedimentation of particulate matter. The large increase of InorgSS after 2000 (Fig. 3f ) is largely consistent with the reduction in the standing stock of blue mussels (Kristensen & Hoffmann, 2004) .
In the Skive Fjord estuarine system eelgrass typically grows at depths where mussel dredging is prohibited (\2 m), but this depth limit may also impose a constraint on the eelgrass depth limit due to the continuous physical disturbance from the intensive mussel dredging. Like mussels and other large substrate features on the seafloor, eelgrass enhances the sedimentation of particles (Terrados & Duarte, 2000; Carr et al., 2010) . Although eelgrass depth limits have not changed over the study period except for Risgårde Bredning (Fig. 3h) , there has been a thinning of the eelgrass meadows at the same time in Limfjorden in general (Hansen & Petersen, 2011) and in Risgårde Bredning and Lovns Bredning (Fig. 9) . It is plausible that this loss of eelgrass, in addition to the aforementioned factors, could lead to increased resuspension of sediments and thus provide a feedback mechanism that maintains a turbid state and prevents eelgrass from establishing sound populations at deeper depths (Hiratsuka et al., 2007; Carr et al., 2010) . In both Risgårde Bredning and Lovns Bredning, the decrease in eelgrass cover was associated with increasing InorgSS, believed to be mostly clay particles (Fig. 9) . Eelgrass was most dense at the 1-2 m depth interval, which accounts for about 10% of the total fjord area. Hence, the total loss of eelgrass cover was roughly 1%. The overall increase in InorgSS of approximately 3 mg l -1 after 2001 in an average water column of 5 m corresponded to an increased resuspension of 1.5 mm sediment from those areas, where eelgrass was lost. Thus, it is possible that the losses of eelgrass, even at a small scale (*1% of the total area), could contribute to the increased turbidity, as these eelgrass belts occur in the shallow water most prone to resuspension.
An eelgrass population restricted to depths less than 2 m is naturally more vulnerable to physical exposure, compared to eelgrass with a stable mother population at deeper depths, from where it can colonise the more dynamic shallow areas. This could suggest the existence of a depth threshold for maintaining a resilient eelgrass population, and the reduced eelgrass coverage (Hansen & Petersen, 2011) could indicate that this critical threshold might have been exceeded such that eelgrass in the Skive Fjord estuarine system does not constitute a stable population.
Management implications
The expectation that eutrophication is fully reversible, suggesting that coastal ecosystems return to a previous state when pressures upon the system are released, has been challenged recently ). The pathway of ecosystem recovery is clearly not identical to that of ecosystem degradation, and ecosystem managers may need to release pressures below those that led to the collapse, due to internal feedbacks of the system leading to hysteresis responses (Scheffer et al., 2001 ). Our results document high primary production and organic matter concentrations in the water column despite decreasing nitrogen concentrations. These results are consistent with a large-scale study of 28 ecosystems across four regions showing an almost doubling in the chlorophyll yield to TN . Our study suggests that other factors than nutrients, such as resuspension of bottom material, mussel dredging and altered top-down control, maintain an unclear and turbid system with high concentrations of light-attenuating substances in the water column. Such factors appear to have counterbalanced improvements in nutrient concentrations and shifted the baseline (see Duarte et al., 2009 for discussion) for the light conditions, and consequently the depth distribution of eelgrass. The presence of shifting baselines essentially implies that single-pressureresponse relationships based on historical data are unable to predict the response when managing that single pressure over relative short time scales, e.g. less than 20 years. On longer time scales the ecosystem might switch back to its previous state with a dominance of benthic primary producers (KrauseJensen et al., 2012) . Our results also show that better and more insightful relationships can be obtained by investigating the sequence of cause-effect relationships rather than simple correlation analyses and may help to understand the resistance and time lag in the improvement of the ecological conditions.
The Skive Fjord estuarine system is affected by multiple pressures, and it is unlikely that eelgrass will recover to a historical extent by managing nutrients only over short times scales. The key to restore widespread and stable populations of eelgrass is to improve light conditions, such that deeper and denser populations can be established, and to reduce occurrence of anoxia in the deeper parts. This requires a combination of further reduction of nutrient levels such that phytoplankton growth becomes nutrient limited and reduced mussel dredging such that blue mussels can exert a ''natural'' benthic grazing pressure on the phytoplankton. Mussel dredging is also a stress factors as much of the spreading of eelgrass occur by seeds, but pioneering seedlings inhabiting new areas could be removed by mussel dredging. Temperature increases will counteract these restoration efforts by increased turnover rates for nutrients and increased eelgrass respiration losses reducing the theoretical eelgrass depth limit, albeit not drastically (Staehr & (1989-2001 and 2002-2010) with arrows indicating the change in each of the three basins Borum, 2011). Thus, the direct effect of temperature increase on eelgrass respiration cannot account for the shift in baseline. Transplanting activities can speed up the recovery of eelgrass, but efforts to restore seagrasses have had mixed results owing to unsuitability of sites and uncertainties associated with establishing resilient populations (Thom et al., 2012) . Additional studies are needed to assess if eelgrass has the potential to grow deeper than present levels in the Skive Fjord estuarine system, or whether light conditions in the eelgrass meadows or mussel dredging at depths above 2 m impose the depth limit.
This study has shown the value of long-term monitoring data for understanding responses of coastal ecosystems to changing nutrient inputs. Measurements of TSS, OrgSS, POC, TOC and primary production, which are not standard monitoring parameters within the DNAMAP, have been essential for understanding why eelgrass did not respond to significant reductions in nitrogen levels. We recommend that these additional measurements become standard in monitoring programs to better understand and predict the outcome of measures aiming to restore coastal ecosystems.
